Hydrogenation behavior in Ti-Cr alloys with compositions around TiCr 2 Laves phase has been examined by the tritium radioluminography and the PCT measurement. All of the specimens have been two-phase structure of BCC phase and Laves phase. The ratio of the BCC phase to the Laves phase has been increased as increasing the heat treatment temperature. The Ti-rich BCC phase and Cr-rich BCC phase have been formed in the Ti 50 Cr 50 alloy and the Ti 30 Cr 70 alloy, respectively. It is found that hydrogen easily penetrates into the Laves phase in the initial stage of hydrogen penetration. In the PCT measurements, Ti 50 Cr 50 alloy absorbed the largest amount of hydrogen. The maximum protium storaging capacity of 3.5 mass% was obtained in the Ti 50 Cr 50 specimen heat treated at 1400 • C at the measured temperature of 150 • C. The plateau of PCT curves in Ti 50 Cr 50 alloy and Ti 30 Cr 70 alloy appeared at low hydrogen pressure and high hydrogen pressure region, respectively. These plateaus are attributed to the Ti-rich BCC phase and the Cr-rich BCC phase, respectively.
Introduction
Recently, protium absorption alloys with BCC single phase or two-phase mixture of BCC phase and Laves phase have been investigated because of their higher protium storaging capacity. It was reported that the excellent absorptiondesorption property is obtained when the alloys consist of two phases such as BCC phase and network formed Laves phase 1) in the V 3.5 (Zr, Ti, Ni) alloy. The excellent protium absorption capacity of 2.6 mass% was achieved in the V 35 Cr 40 Ti 25 alloy with BCC single phase.
2) The effective protium capacity in the range of plateau region was about 2.4 mass% in Ti 28 Cr 52 V 20 alloy with BCC single phase. 3) In the TiCr binary system, the hydrogenation property of C15 type TiCr 2 Laves phase was investigated. 4) It was reported that the plateau is observed in high hydrogen gas pressure in the pressure composition isotherm (PCT curve). 5) In the composition around the TiCr 2 Laves phase, it seems possible to obtain some kind of microstructures consisting of BCC single phase or two-phase mixture of BCC phase and Laves phase by modifying the alloy composition and changing the heat treatment condition. Thus, it is interesting to investigate the relation between the hydrogenation behavior and microstructure in the Ti-Cr alloy.
In our previous work, we performed a quantitative observation of hydrogen distribution in pure vanadium, 6, 7) V-Zr-TiNi alloys, [8] [9] [10] V-Fe alloy, 11, 12) V-Cr-Ti alloy 13, 14) and Ti-Cr alloy 15) by the tritium radioluminography, and showed the effect of the microstructure or constituent element on the tritium distribution in these materials. In the present work, hydrogen distribution and protium absorption-desorption property together with the microstructure in Ti-Cr alloys with compositions around Laves phase are examined. * Graduate Student, JSPS Research Fellow, Muroran Institute of Technology.
Experimental Procedure
Ti 50 Cr 50 , Ti 40 Cr 60 and Ti 30 Cr 70 alloys in nominal composition were prepared by arc melting titanium (99.9%) and chromium (99.9%) in high purity argon atmosphere. The button-like ingots were cut into plate specimens (t = 1 mm in thickness). Some of the plate-like specimens were heat treated at 1300
• C for 1 min or 1400
• C for 10 min. The heat treatments at 1300
• C and 1400
• C were carried out in vacuum and in high purity argon atmosphere, respectively. After the heat treatment, these specimens were quenched into iced water. Then the specimens were polished and mirror finished using alumina paste with 0.05 µm particles.
Hydrogen (protium and tritium) addition into the polished specimens was performed by an electrochemical cathodic charging method at room temperature. The electrolyte was 0.1 kmol/m 3 NaOH aqueous solution containing tritium of 1.9 PBq/m 3 . The current density and charging period were 100 A/m 2 and 1 h, respectively. The ratio of the tritium atom N T to the protium atom N P in the electrolyte was N T /N P = 1.5 × 10 −5 which indicates that almost all hydrogen penetrating into the specimen is protium. Then the hydrogen charged specimens were washed to eliminate the tritiated electrolyte.
The hydrogen charged specimen was placed on an imaging plate (IP), Fujix TR2040, for 24 h to expose it to the β-rays emitted from tritium in the specimen. In this treatment, a tritium-labelled microscale (Amersham RPA510) composed of a plastic film containing eight levels of known amount of tritium was placed on the IP to translate the photo-stimulated luminescence (PSL) intensity into the radioactivity of tritium. The detail of the qualitative analysis of the surface tritium concentration was described elsewhere. 11) After the exposure, two-dimensional mapping of the intensity of the β-rays recorded in the IP was measured by means of an IP-reader (Fujix FDL5000) and the tritium radioluminograph was obtained. The resolution of the radioluminograph is 25 µm.
After the radioluminography, tritium in the specimen was exhausted by heating at 200
• C for 1 h in vacuum. Then the microstructure and composition in the specimens were examined by means of a scanning electron microscope (SEM) and wavelength dispersive X-ray spectrometer (WDX). The crystal structure of the specimens was examined by means of an X-ray diffractometer using Cu-Kα radiation.
The measurements of pressure composition isotherms (PCT curves) were carried out on Sieverts-type apparatus without activation treatment. The first cycle of the PCT measurement was performed at 40
• C in the hydrogen gas pressure between 0.01 and 10 MPa after evacuating at 40
• C for 2 h by a rotary pump. The maximum protium storaging capacity is evaluated as the maximum amount of absorbed hydrogen in the first cycle of PCT measurement. For the Ti 50 Cr 50 and Ti 30 Cr 70 specimens, the PCT curves were also measured at 150
• C and 0 • C, respectively.
Results and Discussion
In the X-ray diffraction experiment, there is only a small difference between the X-ray profiles of the specimens before and after hydrogen charging. Figures 1(a) to (i) show X-ray diffraction profiles of the heat treated Ti 50 Cr 50 , Ti 40 Cr 60 and Ti 30 Cr 70 alloy specimens after the electrochemical hydrogen charging. All of the specimens are two-phase mixture of BCC phase and Laves phase with hexagonal structure. The Laves phase formed in all specimens seems to be C14 type structure. Hydride is not observed in these specimens by the electrochemical charging. The Ti 30 Cr 70 specimens heat treated at 1300
• C or 1400
• C are nearly BCC single phase. The ratio of the BCC phase to the Laves phase in the 1400
• C heat treated specimen is larger than that in the 1300
• C heat treated specimen.
Figures 2(a) to (i) show tritium radioluminographs of the electrochemically hydrogen charged Ti 50 Cr 50 , Ti 40 Cr 60 and Ti 30 Cr 70 specimens exposed to the IP for 24 h. These exhibit the mapping images of tritium. The scale bar which indicates the level of hydrogen concentration is displayed at the right hand side of the Fig. 2(i) with sixteen color steps. The regions of higher, middle and lower hydrogen concentration in the specimen are indicated by red, yellow and blue, respectively. The red regions observed in Figs. 2(b) to (g) appeared due to the specimen surface exfoliated during hydrogen charging. And the red region in Fig. 2(i Table 1 shows the mean concentration of tritium on the electrochemically hydrogen charged surface of the specimen calculated from the measured tritium radioactivity. In the Ti 50 Cr 50 alloy, the tritium concentrations are 2.3 and 0.9 mass ppb in the 1400
• C heat treated specimen and as- the initial stage of hydrogen penetration. Figures 3(a) to (c) show backscattered electron images (BEI) of the Ti 50 Cr 50 alloy. In the as-cast specimen, the three kinds of regions with bright, gray and black contrast are observed. In the 1300
• C heat treated specimen, the microstructure observed as bright and dark contrast evolves by the recrystallization. Figure 4 shows an example of BEI and mapping images of titanium and chromium by WDX. The titanium and chromium concentrations in the bright region are 35 mol% and 65 mol%, respectively, while concentrations of them in the dark region are about 60 to 80 mol% and 40 to 20 mol%. Thus, it is verified that the bright and gray regions are the Laves phase and Ti-rich BCC phase, respectively. The titanium concentration in the dispersed black particles exceeds 90 mol%, indicating that these particles may be α-Ti. In the specimen heat treated at 1400
• C, fine structures consisting of bright BCC phase and dark Laves phase are observed. Figures 3(d) to (f) show BEI of the Ti 40 Cr 60 alloy. In the as-cast specimen and 1300
• C heat treated specimen, bright region, gray region and black particles are observed. Bright and gray regions are Laves phase and Cr-rich BCC phase, respectively, and black particles may be α-Ti. In the specimen heat treated at 1400
• C, the three regions are observed such as the coarsened bright part of Laves phase, fine Cr-rich BCC phase and black particles of α-Ti. The amount of the Laves phase in the Ti 40 Cr 60 specimen is large compared to that of BCC phase. Figures 3(g) to (i) show BEI of the Ti 30 Cr 70 specimen. The BCC phase is observed to be surrounding the grains of Laves phase in the as-cast specimen. In the 1300
• C heat treated specimen, bright region, gray recast specimen, respectively. In the Ti 40 Cr 60 alloy, tritium concentrations of 62 mass ppb and 67 mass ppb in the as-cast specimen and 1300
• C heat treated specimen, respectively, are higher than 22 mass ppb in the 1400
• C heat treated specimen. The maximum value of 67 mass ppb corresponds to about 0.15 mass% of protium concentration. In the Ti 30 Cr 70 alloy, tritium concentration of 25 mass ppb in the as-cast specimen is higher than 12 mass ppb in the 1400
• C heat treated specimen. In this calculation, the red region of 1400
• C heat treated specimen was eliminated. The maximum protium concentration of 0.15 mass% was achieved in the Ti 40 Cr 60 specimen heat treated at 1300
• C on the radioluminograph experiments. By considering the maximum protium capacity of this specimen is 2.2 mass% from the results of PCT measurements described below, these results exhibit the hydrogen behavior in Table 1 The mean concentration of tritium on the hydrogen charged surface of the specimen calculated from the measured tritium radioactivity. gion and black particle are observed. The bright and black particles are Cr-rich BCC phase and α-Ti, respectively, and the gray regions are Laves phase. In the 1400
• C heat treated specimen, the string shaped α-Ti is observed in the bright Crrich BCC phase.
In comparison with the tritium concentration and the structure of the specimen, it is found that the amount of absorbed hydrogen is larger when the specimen consists of Laves phase, as well as in the case of heat treated specimen of Ti 40 Cr 60 alloys. It is indicated that the Laves phase can easily activate for hydrogen penetration by the electrochemical hydrogen charging.
As mentioned above, the surface exfoliated during hydrogen charging in all Ti 40 Cr 60 specimen and as-cast Ti 30 Cr 70 specimen. Figure 5(a) shows an enlarged SEM micrograph of the square portion depicted in Fig. 2(d) . Comparison of the radioluminograph and SEM micrograph shows that hydrogen concentration is higher in the exfoliated part and lower in unexfoliated part. Figure 5(b) shows BEI of the square portion in Fig. 5(a) . At the edge of exfoliated part, it is observed that the dark Laves phase drops out and the bright BCC phase still remains. This suggests that hydrogen easily penetrates into the Laves phase and the Laves phase exfoliates due to the lattice expansion owing to the hydrogen dissolution. Therefore, it is concluded that the exfoliation of specimen surface is attributed to the cracking along the interface between the Laves phase and BCC phase when the hydrogenation proceeds. Figure 6 shows the PCT curves of the 1st cycle measured at 40
• C for (a) Ti 50 Cr 50 , (b) Ti 40 Cr 60 and (c) Ti 30 Cr 70 as-cast and heat treated specimens. In the Ti 50 Cr 50 specimens, the maximum protium storaging capacity increases with increas-ing the heat treatment temperature. The protium capacity of specimen heat treated at 1400
• C is about 3.2 mass%. In the Ti 40 Cr 60 specimens, plateau is observed only in 1400
• C heat treated specimen, and the maximum protium capacities are 1.5-2.2 mass%. In the Ti 30 Cr 70 specimens, the amount of protium capacity is lower than that in Ti 50 Cr 50 and Ti 40 Cr 60 specimen. Both of as-cast and 1300
• C heat treated specimens have protium capacity of about 0.7 mass%, and the heat treated specimen at 1400
• C has that of 1.5 mass%. The plateau is observed at higher hydrogen pressure region in the as-cast and 1400
• C heat treated specimens. Considering the results of alloy composition and the protium capacity, it is concluded that the maximum protium capacity increases with increasing the ratio of titanium to chromium in the specimen.
Next, we discuss the PCT curves at different temperatures to examine the relation between the plateau pressure and microstructure. In Fig. 6 , a plateau seems to appear at a lower hydrogen pressure region in the Ti 50 Cr 50 specimens. Therefore, we measured the PCT curve at a higher temperature to rise the plateau pressure. Figure 7 shows PCT curves obtained at 150
• C for Ti 50 Cr 50 . In the as-cast specimen, the plateau is not observed. In the heat treated specimens, the plateau appears clearly in the measurement at 150
• C, a wide plateau region being observed in the specimen heat treated at 1400
• C. This plateau appearing at low hydrogen pressure is attributed to the Ti-rich BCC phase. For the Ti 30 Cr 70 specimens, PCT measurement is performed at a lower temperature, since the plateau is observed at high hydrogen pressure for the 1400
• C heat treated specimens. Figure 8 shows the PCT curves at 0
• C of the Ti 30 Cr 70 specimens. The plateau in the PCT curves measured at 0
• C is observed more clearly than that measured at 40
• C. Considering the kinds of the phases formed in the specimens, the plateau at high hydrogen pressure is attributed to the Cr-rich BCC phase. For the Ti 40 Cr 60 specimens, the plateau observed in the heat treated specimen at 1400
• C is attributed to the Cr-rich BCC phase. The plateau attributed to the Laves phase is not observed because it is expected to appear in a higher hydrogen pressure.
5)

Conclusions
The relation between the hydrogenation behavior and microstructure in Ti 50 Cr 50 , Ti 40 Cr 60 and Ti 30 Cr 70 around the composition of TiCr 2 Laves phase has been investigated. The results are summarized as follows.
(1) All of the specimens have two-phase structure of BCC phase and Laves phase. The Ti-rich and Cr-rich BCC phases are observed in Ti 50 Cr 50 and Ti 30 Cr 70 , respectively.
(2) Hydrogen easily penetrates into the Laves phase in the initial stage of hydrogen penetration.
(3) Ti 50 Cr 50 alloy has high protium capacity compared to the Ti 40 Cr 60 and Ti 30 Cr 70 alloy by gas phase hydrogen charging. BCC phase is the main protium storaging phase.
(4) The maximum protium storaging capacity increases with increasing the heat treatment temperature. The protium concentration of 3.5 mass% is achieved at 150
• C measurement of PCT curve in Ti 50 Cr 50 specimen heat treated at 1400
• C. (5) The plateaus in PCT curves at low hydrogen pressure in Ti 50 Cr 50 specimens and high hydrogen pressure in Ti 30 Cr 70 specimens are attributed to the Ti-rich BCC phase and the Cr- 
